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Muon Beam Sources



ISIS EM, RIKEN-RAL

J-PARC, MUSE

TRIUMF

PSI

RCNP, MuSIC

Muon facility in the world

Japan has both pulsed and DC muon beam.
Pulsed muons and DC muons are 
complementary to each other. 

1.3MW

1MW

0.8MW0.2MW

0.0004MW

: pulsed beam
: DC beam

not many…



Needs for Highly Intense 

Muon Beam Sources
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TARGET SYSTEM CURRENT BASELINE DESIGN!

!  Production of 1014 µ/s from 1015 p/s (≈ 4 MW proton 
beam)!

!  Proton beam readily tilted with respect to magnetic 
axis.!

   SC magnets!

Resistive magnets!

Proton beam and!
Mercury jet!

Tungsten beads!

Mercury collection pool!
With splash mitigator!

5-T copper magnet insert; 10-T Nb3Sn coil +  5-T NbTi outsert.!
Desirable to eliminate the copper magnet (or replace by a 20-T HTS insert).!

!   Hg Target!
!   Proton Beam!

!  E=8 GeV!
!   Solenoid Field!

!  IDS120h  " 20 T peak field at target position (Z=-37.5)!
!  Aperture at Target R=7.5 cm  - End aperture R = 30 cm!
!  Fixed Field Z = 15 m  " Bz=1.5 T  !

!   Production: Muons within energy KE cut 40-180 MeV end of decay 
channel!

!  Nμ+π+k/NP=0.3-0.4!

8/19/13!
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H.Sayed, Nufact2013

As many muons as possible!
Pion/muon collection using  
gradient magnetic field

Bl

Strong Magnetic field in high 
radiation environment

Aluminum stabilized SC
Collaborative R&D between 
COMET & Mu2e

Muon transport with large momentum 
acceptance and momentum selection
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China’s medium baseline SB

NuFact baseline designCOMET Mu2e

PRISM

5T, 56kW 4.6T, 8kW

5T?, 4MW?

20T, 4MW

7T, 15MW?



Pion Capture



Conventional Muon Beamline



Conventional Muon Beamline

proton beam

Capture magnets

muons

J-PARC 
MUSE 
proton beam  
   -1000kW 
target 
   graphite 
   t20mm 
   φ70mm

SuperOmega 
Ω:400mSrproton beam loss 

< 5%

Conventional muon beamline 



Conventional Muon Beamline

KEK 0.5GeV proton Muon facility

proton beam

Capture magnets

muons

J-PARC 
MUSE 
proton beam  
   -1000kW 
target 
   graphite 
   t20mm 
   φ70mm

SuperOmega 
Ω:400mSrproton beam loss 

< 5%

Conventional muon beamline 



Novel Muon Beamline 



Novel Muon Beamline 

proton  
beam

Pion  
capture  
solenoid

muons

to a beam dump

Collect pions and muons 
by 3.5T solenoidal field

Muon 
Transport 
solenoid

Novel muon beamline 



Novel Muon Beamline 

proton  
beam

Pion  
capture  
solenoid

muons

to a beam dump

Collect pions and muons 
by 3.5T solenoidal field

Muon 
Transport 
solenoid

Novel muon beamline 
•A long pion production 

target of 1.5 interaction 
length is used. 

•Pions coming out from the 
side of the long target are 
captured and transported to 
a muon beamline. 

•Pions and muons (from pion 
decays) are transported 
through solenoid magnets.



Novel Muon Beamline 

proton  
beam

Pion  
capture  
solenoid

muons

to a beam dump

Collect pions and muons 
by 3.5T solenoidal field

Muon 
Transport 
solenoid

Novel muon beamline 
•A long pion production 

target of 1.5 interaction 
length is used. 

•Pions coming out from the 
side of the long target are 
captured and transported to 
a muon beamline. 

•Pions and muons (from pion 
decays) are transported 
through solenoid magnets.

Beam intensity improvement of about 1000 expected



Muon Transport



Charged Particle Trajectory 

in Curved Solenoids

• A center of helical trajectory of 
charged particles in a curved 
solenoidal field is drifted by  
!
!

!
!
!
!
!
!
!

• This can be used for charge 
and momentum selection. 

• This drift can be compensated by 
an auxiliary field parallel to the drift 
direction given by

Drift in a Curved Solenoid

D =
p

qB
θbend

1

2

(

cos θ +
1

cos θ

)

D : drift distance

B : Solenoid field

θbend : Bending angle of the solenoid channel

p : Momentum of the particle

q : Charge of the particle

θ : atan(PT/PL)

Bcomp =
p

qr

1

2

(

cos θ +
1

cos θ

)

Vertical Compensation Magnetic Field

p : Momentum of the particle

q : Charge of the particle

r : Major radius of the solenoid

θ : atan(PT/PL)
上流カーブドソレノイドの補正磁場

Tilt angle=1.43 deg.



EM Physics for Particle Trajectories 

in Toroidal Magnetic Field

B (perpendicular to screen)

E

vertical shift •For helical trajectory in a 
curved mag. field, a 
centrifugal force gives E 
in the radial direction. 

•To compensate a 
vertical shift, an electric 
field in the opposite 
direction shall be 
applied, or a vertical 
mag. field that produces 
the desired electric field 
by v x B, can be 
applied.



Mu2e COMET

muon  
beam line

2x 90º bends 
(opposite direction)

2x 90º bend  
(same direction)

electron  
spectrometer straight solenoid curved solenoid

COMET Solenoids and Detectors
for the CDR
version 090609.001

Proton beam
Pion production target Radiation shield

Muon stopping target Beam blocker

DIO blocker

Beam collimator

Calorimeter Tracker

Late-arriving particle tagger

Capture solenoid

Muon beam transport solenoid

Detector solenoid

Muon target solenoid

Curved sepctrometer solenoid

Matching solenoid

Mu2e vs. COMET

COMET curved 
solenoids have 

dipole  coils on top 
of the solenoids, to 
keep muons with 

momentum of 
interest in the 

bending plane.

Dipole Coils



MuSIC



RCNP, Osaka University

RCNP has two cyclotrons. A proton beam with 392MeV, 1μA is provided  
from the Ring Cyclotron (up to 5μA in near future).
The MuSIC is in the largest experimental hall, the west experimental hall. 

Ring Cyclotron
AVF Cyclotron

Research Center of Nuclear Physics (RCNP), 
Osaka University, Japan

MuSIC

West Experimental  Hall



RCNP, Osaka University

RCNP has two cyclotrons. A proton beam with 392MeV, 1μA is provided  
from the Ring Cyclotron (up to 5μA in near future).
The MuSIC is in the largest experimental hall, the west experimental hall. 

Ring Cyclotron
AVF Cyclotron

Research Center of Nuclear Physics (RCNP), 
Osaka University, Japan

MuSIC

West Experimental  Hall

Research Center for Nuclear Physics (RCNP), Osaka University has a 
cyclotron of 400 MeV with 1 microA. The energy is above pion threshold.



constructed

What is the MUSIC@RCNP ?

• MUSIC (=MUon Science Innovative Channel)

muon particle
experiments

muon nuclear experiments 
and other applications

Accelerator R&D 
with muons

Muon transport 
system

Proton beam

Pion capture system

funded

in FY2009

MuSIC (=Muon Science oriented Intense 
Channel)



What is MuSIC at RCNP ?

MuSIC 
The world’s most efficient DC muon beam source using the first pion 
capture solenoid system.
Design muon intensity：
• 108-9μ/s ＠392MeV,1μA (400W) proton beam from the RCNP ring 
cyclotron

Technical points of the MuSIC
The first pion capture solenoid system
• muon collection efficiency > 103 than conventional muon beam lines. 
• Radiation issues (coil cooling for the heat load)
A muon transport solenoid with dipole field
Task of the MuSIC
Develop superconducting magnet technologies 
Demonstrate and test the performance of the pion capture system. 
Start muon programs at RCNP



Pion Capture System for MuSIC



Science
素粒子の一つであるミューオンを世
界最高の効率で生成する装置
「MuSIC」。宇宙の始まりに何が起
こったのか、宇宙はどのような法則で
成り立っているのかを、大量のミュー
オンと最新技術を駆使して研究する

062 063

Osaka University

理学部は医学部とともに1931（昭和6）
年、大阪大学発足と同時に創設された最も
伝統ある学部です。当時、日本の産業の中
枢であった大阪の地には、模倣的な工業か
ら脱皮するには「基礎的純正理化学」の力
によらなければならない、という先見性と危
機感がありました。そうした時代と地域の要
請から大阪大学理学部が設立されたので
す。創設に際しては、政府の援助は受け
ず、設立基金や寄付金などすべて地元の
負担によって誕生に至ったとされています。
数学、物理、化学の3学科からなる理学

自然の中には不思議がいっぱいあります。その不思議に魅せ
られ、不思議を解き明かそうとする人たちが数学や物理､化
学、生物など自然科学の基礎となる自然法則を見つけ出して
きました。その自然法則を基本としながら、新たな不思議の扉
を開いていくのが理学部の目指すところです。
科学技術の進歩によって、人類の生活は豊かになってきまし

た。インターネットの普及によって情報の国境が消え、生命科
学の進展によって、これまで不治といわれた病気が治療できる
ようにもなってきました。このようなハイテク、バイオ、情報社
会を支えているのは直接的には技術ですが、その技術は理学
部領域の研究成果である基礎科学の力がなければ成り立たな
いものなのです。
具体的な例を挙げましょう。火星上の探査機に指令を正確に

理学部の歩みと概要

◉世界的で独創性豊かな
　研究者集団

自然の法則から
新たな不思議の扉を開く

●数学科 ●物理学科
●化学科 ●生物科学科

未
知
の
法
則
に

迫
る

理学部

部は当時、世界的に著名な物理学者だっ
た初代総長、長岡半太郎博士の創設の理
念によって発展の基礎が築かれました。権
威にとらわれない実力第一主義の教員選
考は今も受け継がれ、出身大学も多様なこ
とから、学閥意識のない自由で活力ある雰
囲気を作り出す基になっています。
理学部はノーベル賞受賞者の湯川秀樹

博士、「八木アンテナ」の発明で有名な八
木秀次博士ら多くの優れた研究者の手に
よって広い視野での基礎科学の発展に貢
献してきましたが、1949年に生物学科、
59年に高分子学科、91年には宇宙・地球
科学科が新設されました。その後、大学院
重点化への動きから理学研究科の専攻が
整理統合され、大学院の入学定員が大幅

送ることができる技術は150年以上も前に天才数学者、ガロ
アが考え出した理論（有限体）が応用されています。情報社会
を支える各種素子の開発には、アインシュタインの光量子仮説
やプランクのエネルギー量子論が大きく貢献しています。さら
には、遺伝子治療やゲノム創薬はワトソンとクリックのDNAの
構造解明がなければ、できなかったことです。
しかし、ガロアやアインシュタイン、ワトソンとクリックらは彼
らの研究成果が21世紀の科学技術をこれほどまでに発展させ
る原動力になると、当時は想像したでしょうか。いわんや、
ニュートンやメンデルら現代科学の基礎を築いた人たちは考
え及ばなかったでしょう。
現在の社会はこれまでの基礎科学の成果の上にのって発展

してきた先端の技術に目を奪われがちです。基礎となる理論
はすでにすべて解明されていると思われている人も多いので
はないでしょうか。
しかし、自然はそれほど簡単ではありません。細胞１つとって
みても、そのメカニズムのほんの一部がわかっているに過ぎま
せん。数学の分野でも解決されていない定理があり、素粒子論
も課題が山ほどあります。宇宙の成り立ちも未知の部分が限り
なくあります。理学部が挑まなければならない分野はまだまだ
無限にあるのです。
そして、これまでの成果をもとに新たな自然科学の法則を見

つけ出すことによって、地球環境問題の解決につながるなど人類
の未来に貢献することができるのではないかと考えています。

に増加。その際、理学部の学科も現在の4
学科になりました。96年度からの新体制は
国際的にも誇れる高度で、真に独創性豊か
な理学研究者集団として、世界的にも独自
な個性を持つ教育研究を目指すものです。
理学部関連の附属施設としては、構造

熱科学研究センター、原子核実験施設が
あり、国際的に高く評価される特色ある研
究活動を行っています。このほか産業科学
研究所、蛋白質研究所、核物理研究セン
ターなど学内の研究所等で、その設立に理
学部が重要な役割を果たしたものも少なく
ありません。そうした研究所やセンターに属
する多くの教員は理学部と密接な協力関
係を保っています。

◉
理
学
部

Science

12年1月2日月曜日

MuSIC Layout



MuSIC Muon Beam Simulations
by simulation

Changing magnitude and direction of the dipole field, we can select charge and momentum of the beam.
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degree bend. 
by g4beamline with 
QGSP_BERT had. prod. 
Ep=392 MeV



History of the MuSIC ProjectHistory of MuSIC Projects
2009JPY
Construction of a proton beam line, pion capture system, and transport solenoid (up to 36 deg)

2010JPY
Commissioning of super-conducting magnets of pion capture and transport
2010, Jul.：1st beamtest（Iproton=3nA）
• proton beam hits the production target,
• Every system worked successfully, 
• observed secondary particles ay the end of the transport solenoid
2011, Feb.：2nd beam test（Iproton=~4nA）
• muon beam was counted form their life spectrum,
2011JYP
2011, Jun.：3rd beam test（Iproton=~4nA）
• muon life measurements with a higher statistics
• muonic-Xray measurements
• the design muon collection efficiency was confirmed by the measurement

2011, Oct.：4th beam test（Iproton=~4nA）
• muonic-Xray measurements with a higher statistics
• measurement of neutron flux and energy around the MuSIC
2012, Mar.：East side radiation shielding blocks were located.

2012JYP
2012, Jun 18-22：5th beam test
• measurements for muon energy and spatial distribution
• the system was operated with a high current proton beam （Iproton=~1microA）

Construction

Commissioning

Muon collection
efficiency

High current 
operation



Muon Yield Measurements
Muon yield measurements

simulation measurement

positive muon [µ+/sec/µA] 2 x 108 3 x 108

negative muon [µ-/sec/µA] 1.4 x 108 (1.7 ± 0.3) x 108

Measured muon yield at the exit of the 36° transport solenoid

Muon life（Stopping target: Cu） Muonic X-rays（Stopping target: Mg）

The μ production efficiency shows good 
agreement with the design value. 



Muon Yield Measurements
Muon yield measurements

simulation measurement

positive muon [µ+/sec/µA] 2 x 108 3 x 108

negative muon [µ-/sec/µA] 1.4 x 108 (1.7 ± 0.3) x 108

Measured muon yield at the exit of the 36° transport solenoid

Muon life（Stopping target: Cu） Muonic X-rays（Stopping target: Mg）

The μ production efficiency shows good 
agreement with the design value. 

MuSIC muon yields

µ+ ~3x108/s for 400W

µ- ~1x108/s for 400W
cf. 108/s for 1MW @PSI 
 Req. of x103 achieved...



Temperature Rise of 

MuSIC Superconducting MagnetTerminal Temperature

T = T0 + (Tf � T0)(1� e�t/⌧ )

0 5 10 15 20 25 30 35 40 45 50
3.9

4

4.1

4.2

4.3

4.4
Tf ~ 4.4K

The coil temperature up to ~6.5K is acceptable. 
MuSIC can work with 400W proton beam.



ISIS EM, RIKEN-RAL

J-PARC, MUSE

TRIUMF

PSI

RCNP, MuSIC

Muon facility in the world

Japan has both pulsed and DC muon beam.
Pulsed muons and DC muons are 
complementary to each other. 

1.3MW

1MW

0.8MW0.2MW

0.0004MW

: pulsed beam
: DC beam



COMET Staged Approach

Mu2e@FNAL COMET@J-PARC

muon beamline

electron  
spectrometer

S-shape C-shape

Straight solenoid Curved solenoid

COMET Solenoids and Detectors
for the CDR
version 090609.001

Proton beam
Pion production target Radiation shield

Muon stopping target Beam blocker

DIO blocker

Beam collimator

Calorimeter Tracker

Late-arriving particle tagger

Capture solenoid

Muon beam transport solenoid

Detector solenoid

Muon target solenoid

Curved sepctrometer solenoid

Matching solenoid

Comparison : COMET vs. Mu2e

Stopping
Target

Production 
Target 

Detector Section

Pion-Decay and
Muon-Transport Section

Pion Capture Section
A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget

A detector to search for 
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BR(μ+Al→e+Al)<7x10-15 @ 90%CL
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      *Background study for the phase2
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COMET Staged Approach
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proton is the same as Phase-II.
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COMET Phase-I at J-PARC

S.Mihara, J-PARC PAC Meeting, 16/Mar/2012

Cylindrical Detector
• Collimator of 200 mm diam. at 
the end of 90 degree bend

• determine a beam size

• eliminate high-p particles

• Beam particles not stopped on 
the target will escape from the 
detector

• Optimization of detector 
configuration

• pt threshold > 70MeV/c

• trigger counter (5mm thick) 
as a proton absorber

1.5m

0.805m

Proton Beam   

µ   



!

COMET Phase-I at J-PARC

COMET muon beam-line： 
6x109 muon/sec with 3kW beam 

produced. The world highest 
intensity.

S.Mihara, J-PARC PAC Meeting, 16/Mar/2012
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COMET Phase-I at J-PARC

COMET Phase-I detector： 
About 1016 muons are stopped in 

the  target. Electron from µ-e 
conversion will be measured

COMET muon beam-line： 
6x109 muon/sec with 3kW beam 

produced. The world highest 
intensity.

S.Mihara, J-PARC PAC Meeting, 16/Mar/2012
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• trigger counter (5mm thick) 
as a proton absorber
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Stage-I MuSIC  
Beam Line 
(a la Akira Sato)



Muon Science with a DC Muon Beam
Examples of DC Muon Science at MuSIC

Particle Physics :
search for μ→eee (muon LFV)   108-9μ+/sec
• DC continuous beam is critical
Materials Science :
μSR (a μSR apparatus is needed) 105-6μ+/sec, polarized
Nuclear Physics :
nuclear muon capture (NMC)         104-5μ-/sec
• nuclear matrix element study for 0ν ββ decay
pion capture and scattering
Chemistry :
chemistry on pion/muon atoms      104-5μ-/sec
Accelerator / Instruments R&D 
(for PRISM/neutrino factory/muon collider) :
• Superconducting solenoid magnets
• FFAG, RF
• cooling methods
• muon acceleration, deceleration, and phase rotation

+

+

-

-

DC muon is necessary to 
reduce accidental BGs 
cf. COMET(μ-e) needs a pulsed muon beam.

with a good time 
resolution

measure muonic Xrays
high trigger rate is 
possible
cf. with pulsed muons, the trigger rate is 
limited by pulse rate. 
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Goals for Beam Performance

Positive muon：DC-μSR
beam size：φ10mm
angle：< 50mrad
intensity：2~4 x 104/sec

Negative muon：nuclear phys. chemi. μ-X
beam size：φ10mm~Φ50mm
angle：< 200mrad
intensity：2x104 ~2x105/sec
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Layout of the beam line
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ST1
ST2

Triplet-Q

Triplet-Q

Triplet-Q

BM1

BM2

Spin rotator
gap 15cm

HV: +- 400kV
L=1.8m

The construction will be finished by March 2014. The  construction was completed in March, 2014.



Beam Optics
   Surface Muon Beam Line at RCNP MuSIC FACILITY (DOUBL BEND) 
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MuSIC Stage-I

after the solenoid Q-magnets



Current Status

•RCNP has been shut off for its building renovation. 
•MuSIC had a beam time (of one day) which was not 

sufficient for commissioning. 
•MuSIC is expecting another beam time in Fall, 2014.



Summary for MuSIC Phase-I

MuSIC has successfully demonstrated the performance of 
a pion capture system.

Now we are working very hard to construct a DC muon 
line for the low intensity application as a stahe-1 of the 
MuSIC.



Summary

•New innovative muon sources 
with solenoid system has been 
developed. 

•MuSIC facility at Osaka 
Unviersity has demonstrated 
that the pion capture system 
increases muon production 
intensity of a factor of about 
1000. 

•MuSIC Stage-1 for application 
to µSR has been constructed 
and will be commissioned.



Summary

•New innovative muon sources 
with solenoid system has been 
developed. 

•MuSIC facility at Osaka 
Unviersity has demonstrated 
that the pion capture system 
increases muon production 
intensity of a factor of about 
1000. 

•MuSIC Stage-1 for application 
to µSR has been constructed 
and will be commissioned.

IKU (go ahead)


